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We have studied the associative ionization of a Rydberg atom and a ground state atom in an
ultracold Rydberg gas. The measured scattering cross section is three orders of magnitude larger
than the geometrical size of the produced molecule. This giant enhancement of the reaction kinetics
is due to an efficient directed mass transport which is mediated by the Rydberg electron. We also
find that the total inelastic scattering cross section is given by the geometrical size of the Rydberg
electron’s wavefunction.
PACS numbers: 32.80.Rm, 34.50.Fa, 82.45.Jn
Molecule formation in dilute gases or plasmas usually
happens via two-body collisions and is relevant, e.g., for
the production of molecules in interstellar space [1] or
during the early stage of the universe [2]. One prominent
class of such collisions is the associative ionization be-
tween a ground state atom and a (highly) excited atom.
The latter can result from electron capture in a plasma or
photon absorption. The formation of a bound molecule
requires the release of binding energy which is realized by
the ejection of an electron [3]. Associative ionization in-
volving Rydberg atoms has been studied in detail in hot
atomic beam experiments and cross sections on the order
of the geometrical size of the formed molecules have been
found [4–6].
Ultracold Rydberg gases allow to extend the study
of this fundamental chemical reaction to the low-energy
limit, where a new interaction mechanism [7] has drawn
researchers’ attention in the last years: The scattering
between the electron in a Rydberg state and a ground
state atom creates a potential for the atom that reaches
far from the Rydberg atoms core. This potential gives
rise to ultra long range Rydberg molecules [8], trilobite
molecules [9] and was found to induce phonons inside of
a Bose-Einstein-Condensate [10]. The understanding of
this interaction and it’s role in associative ionization is
also important to fully exploit the potential of ultracold
Rydberg systems to study many-body quantum phenom-
ena [11–13] beyond the frozen gas approximation.
Here, we study the associative ionization of a rubid-
ium atom in a Rydberg p-state (principal quantum num-
ber n = 30 − 60) and a ground state atom at ultracold
temperatures. The measured scattering cross section is
three orders of magnitude larger than the geometrical
size of the produced molecular ion. We attribute this
enhancement to a directed mass transport of the ground
state atom towards the ionic core of the Rydberg atom.
This transport mechanism is mediated by the scatter-
ing between the Rydberg electron and the ground state
atom. The formation of the molecular ion happens, when
the two collision partners are close enough that the re-
leased binding energy suffices to eject the excited electron
via resonant dipole interaction [3]. The appearance of a
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FIG. 1. (Color online). Time of flight spectrum for the
30P3/2 - state at a peak density of n0 = 3×1013 cm−3 showing
the Rb+- and Rb+2 - peaks. After subtracting the fitted decay
of the Rb+ - peak, the signal of the molecular ions alone is
obtained (inset).
highly efficient mass transport which accelerates the re-
action kinetics, the quasi-free nature of the Rydberg elec-
tron and the fact that the electron mediates the reaction
but is not part of the reaction product allow us to draw
a connection to a generic catalytic reaction, where the
electron acts as a catalyst [14]. We also find, that the to-
tal inelastic cross section between a Rydberg atom and a
ground state atom is as large as the size of the Rydberg
electron wave function. In turn, the probability for an
elastic collision between a Rydberg atom and a ground
state atom is practically negligible for the investigated
parameter range.
The experimental apparatus is described in detail in
Ref. [15]. In brief, we produce a thermal cloud of N =
4 × 105 rubidium atoms in the F = 1,mF = +1 ground
state at a temperature of T = 200 nK in a crossed
dipole trap (λ = 1064 nm) with trapping frequencies of
ωx,y,z = 2pi × (77, 77, 94) Hz. In order to prepare clouds
of different densities the atom number is reduced by re-
lease and recapture of the atoms. This way, the density
of the cloud can be changed by two orders of magni-
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2tude while the temperature increases at most by a factor
of two and the trap geometry is constant for all mea-
surements. A single-photon excitation to Rydberg nP
- states is driven by a frequency doubled dye-laser at a
wavelength of λ = 297 nm. By applying an offset mag-
netic field of 35 Gs we are able to individually address
the Zeeman substates of the Rydberg levels. For the
measurements presented here we are always addressing
the mj = +3/2 - state. A pulsed excitation scheme with
a width of 1µs and a pulse spacing of 1 ms is repeated
as long as the loss of atoms from the sample due to ex-
citation and ionization does not exceed 20%. After the
excitation pulse, the Rydberg excitations are converted
into ions by photoionization through the trapping lasers
(total intensity I = 7.2 kW/cm2), black body radiation
as well as by associative ionization. The ions are ex-
tracted by a small electric field of 80 mV/cm. A typical
time-of-flight (TOF) spectrum is shown in Fig. 1. The
two distinct peaks in the resulting spectrum can be un-
ambiguously attributed to Rb+ and Rb+2 ions.
The Rb+ ions originate from photoionization by the
trapping lasers and black body radiation with rate γPI =
γYAGPI + γ
BB
PI . A dedicated measurement in very dilute
clouds was performed in order to determine the pho-
toionization cross section of the trapping light (Tab. I).
Due to the low intensity of the trapping laser in the pre-
sented measurements the photoionization rate γYAGPI =
σYAGPI
I
hν < 500 Hz is negligible compared to the natural
decay of the Rydberg states involved. Also the ionization
by black-body photons γBBPI does not exceed 300 Hz for
our experimental settings [16]. Therefore the decay of the
Rb+ - peak in the TOF measurement is solely determined
by the natural decay γn of the Rydberg state. Fitting this
decay by an exponential function and subtracting it from
the data, the pure signal of the Rb+2 - ions is obtained
(inset of Fig. 1). Such TOF measurements enable us to
study systematically the two-body dynamics involved in
the formation of Rb+2 molecular ions.
To get a quantitative understanding of the molecular
ion formation process we use the following rate model.
We first assume the density of ground state atoms, n(r) =
n0e
−r2/2σ2 , to be isotropic with width σ. After the exci-
tation pulse, the time evolution of the density of Rydberg
atoms nRy(r, t) is determined by the differential equation
n˙Ry(r, t) = − [γn + γPI + γcoll(r)]nRy(r, t). (1)
Here γcoll(r) = n(r)σinelv¯coll, is the total inelastic colli-
sion rate between ground state and Rydberg atoms and
the average collision velocity v¯coll = 1.56
√
2v¯th is related
to the average thermal velocity v¯th. The numerical pref-
actor in the collision velocity takes into account the ad-
ditional recoil momentum that is transferred to the Ry-
dberg atom upon excitation. The collision rate γcoll(r)
accounts for any scattering process of a Rydberg atom
with a ground state atom which destroys the Rydberg
.
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FIG. 2. (Color online). (a) The slope of the linear dependency
between the decay rate of the Rb+2 - peak and the atom flux Φ
through the Rydberg atom reveals the total inelastic scatter-
ing cross section σinel between a Rydberg and a ground state
atom. (b) The scaling of the peak ratio RAI/RPI reveals the
partial scattering cross section for the creation of molecular
ions σAI.
excitation. A fraction of these collisions lead to the for-
mation of molecular ions for which we define the rate
γAI(r) = n(r)σAIv¯coll, where σAI denotes the partial scat-
tering cross section for associative ionization. Eq. 1 leads
to an exponential decay at every point of the sample.
Integration over the sample leads to
RPI(t) = γPIe
−(γn+γPI)t
∫
nRy(r)e
−γcoll(r)t d3r (2)
RAI(t) = e
−(γn+γPI)t
∫
nRy(r)γAI(r)e
−γcoll(r)t d3r, (3)
where RPI(t) (RAI(t)) denotes the total rate for photoion-
ization (associative ionization). Taking the decay rate of
the latter one at t = 0 yields:
γ0coll =
R˙AI
RAI
∣∣∣∣∣
t=0
= −
√
8
27
σinelΦ− (γn + γPI). (4)
where Φ = n0v¯coll is the atom flux impinging on the
electron in the trap center. Here, we have additionally
assumed that the system is not blockaded [17, 18] and the
density of Rydberg atoms follows the density of ground
state atoms, nRy(r) ∝ n(r). This assumption is fulfilled
for all data sets, except for those at the highest fluxes[19].
We have taken a full set of TOF spectra for the Ryd-
berg p-states n = 30, 35, 41, 51, 60 and for varied ground
state densities, covering almost two orders of magnitude
in atomic flux. The results are summarized in Fig. 2.
Comparing the experimental results to Eq. (4), the to-
tal inelastic scattering cross section σinel is obtained by
fitting the initial decay of the molecular peak and extract-
ing the slope of the obtained decay rates as a function of
the atomic flux (Fig. 2 a). The results for σinel are given
3.
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FIG. 3. (Color online). Scaling of the measured scattering
properties with the effective principal quantum number neff .
(a) The cross section for associative ionization σAI (red dia-
monds) exceeds the geometrical cross section of the formed
Rb+2 molecules (orange dashed line) by three orders of mag-
nitude. The total inelastic scattering cross section σinel (blue
dots) is in very good agreement with the geometrical cross
section of the Rydberg atom (solid green line). (b) The char-
acteristic scattering radius coincides with the size of the Ry-
dberg atom, unveiling that inelastic collisions start to appear
as soon as the ground state atom enters the electronic wave-
function of the Rydberg atom.
in Tab. I. These values are comparable to the geometrical
cross section of the Rydberg atom. Indeed, we can calcu-
late the characteristic scattering radius l =
√
σinel/pi and
compare it to the radial distance of the outermost max-
imum of the Rydberg electron wavefunction in Fig. 3).
Except for the 30P3/2 state, both values are in excellent
agreement. Hence, every ground state atom which enters
the Rydberg electron wave function, leads to a decay of
the Rydberg excitation. It is therefore the size of the elec-
tron’s wave function which sets the limit for the inelastic
collisional cross section. In the case of the 30P3/2 state
however this limit is exceeded by a factor of two, which
we attribute to Rydberg - Rydberg collisions appearing
at higher numbers of excitations due to the strong cou-
pling to low lying states and the reduced blockade radius.
Such collisions are not accounted for in the rate model.
Undergoing inelastic scattering the ground state atom
can enter a molecular state with the ionic core of the
Rydberg atom through associative ionization. This is
revealed by the presence of molecular ions in the TOF
spectrum. Analyzing the relative peak heights, the par-
tial scattering cross section for associative ionization σAI
can be obtained by taking the ratio of Eq. (3) and Eq. (2)
at time t = 0:
RAI
RPI
∣∣∣∣
t=0
=
σAI√
8γPI
Φ. (5)
To extract σAI, we fit a linear slope to the peak ratio
in dependence of the atomic flux (Fig. 2b). The results
TABLE I. Measured cross sections for photo ionization by the
YAG trapping light σYAGPI , for inelastic scattering between a
Rydberg atom and a ground state atom σinel and for asso-
ciative ionization σAI. For comparison the theoretical geo-
metrical cross section σ
Rb+2
geo of the formed Rb
+
2 molecules is
presented.
state σYAGPI [kb] σinel [nm
2] σAI [nm
2] σ
Rb+2
geo [nm
2]
30P3/2 16(5) 9.9(9)× 104 4(1)× 103 4.3
35P3/2 22(6) 4.8(3)× 104 2(1)× 103 5.1
41P3/2 14(4) 7.3(4)× 104 4(1)× 103 6.0
51P3/2 6(2) 1.9(3)× 105 6(1)× 103 7.6
60P3/2 8(3) 3.7(4)× 105 21(7)× 103 9.2
are summarized in Tab. I and visualized in Fig. 3 a). It
is remarkable that the cross section reaches values up to
2.1 × 104 nm2. This is orders of magnitude larger than
previously measured cross sections for thermal beams
that were found to peak at 3.9 nm2 for n = 11 [4], which
agrees with the geometrical cross section of the formed
molecule, estimated from the size given by the classical
turning point of the Rb+2 molecular potential (Tab. I).
Also, the cross section for associative ionization increases
with the size of Rydberg atom - contrary to experiments
in hot atomic beams, where the opposite dependence is
observed [4].
A microscopic explanation of our findings can be given,
considering the Fermi contact interaction between the
Rydberg electron and the ground state atom [20]. The
interplay between s- and p-wave scattering creates an
oscillatory potential with an attractive envelope in the
whole volume occupied by the electron. For small inter-
nuclear separations the polarization of the ground state
atom with polarizability α0 by the ionic core of the Ryd-
berg atom starts to dominate the interaction, leading to
a C4/r
4 - type potential (C4 =
α0q
2
32pi220
= 5.5×10−57 Jm4).
Note that its influence is negligible at the outer parts of
the electron’s wave function. Fig. 4 shows a perturba-
tion theory calculation of the triplet contribution to the
interaction potential for a ground state atom inside the
51P3/2 electronic wavefunction combined with the 1/r
4 -
type interaction. A full calculation of the triplet and
singlet scattering potential taking into account the hy-
perfine interaction in the ground state atom is given in
Ref. [21]. The potential created by the electron allows in
principle for a transport of the incoming particle towards
the ionic core. Integrating the equation of motion of a
classical particle in the potential shows that the transport
can happen at a timescale of a few microseconds, much
faster than the lifetime of the Rydberg atom. The real
problem, of course, is much more complex, as the ther-
mal deBroglie wavelength of the colliding atoms is of the
same size as the Rydberg electron’s wave function and
only a full quantum-mechanical calculation can account
for this. While such a simulation is beyond the scope of
4this paper, experimental evidence for the appearance of
a mass transport is instead obvious: the final molecular
formation process [3] requires that the binding energy of
the formed molecule is equal to or greater than the bind-
ing energy of the Rydberg electron [22, 23]. The size of
the molecule is therefore about 1.7 nm or smaller. As the
measured cross section is 1000 times larger, only an effi-
cient mass transport process can bring the two binding
partners together. A second mechanism for the appear-
ance of mass transport based on the intermediate forma-
tion of a heavy Rydberg system Rb+ + Rb− with subse-
quent decay can not completely be ruled out. However,
the poor Franck-Condon overlap between the almost flat
relative wave function of the ground state atom and the
rubidium core and the highly oscillatory wave function of
the heavy Rydberg system (the principal quantum num-
ber which has the same binding energy as the Rydberg
atom is n′ = 15000) makes this process highly unlikely.
We therefore conclude that it is the contact interaction
which mediates the transport. Figuratively speaking, the
electron acts as a lasso that grabs a ground state atom
and pulls it towards the ionic core.
An even larger fraction of the collisions lead to a decay
.
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FIG. 4. (Color online). (a) Potential for the ground state
atom created by the interaction with the Rydberg core alone
(green) and in combination with the Rydberg electron (blue).
The potential is calculated in perturbation theory for triplet
scattering. (b) Comparison of the 51P3/2 electronic wavefunc-
tion with the size of the formed Rb+2 -molecule. (c) Catalytic
cycle enabled by the presence of the Rydberg electron. The
solid line illustrates the quasi-catalytic effect of the electron
observed in our experiments. The electron of the Rydberg
atom Rb∗ vastly increases the probability of an inelastic col-
lision with a ground state atom Rb, ultimately leading to
a metastable excited Rb∗2 molecule that subsequently ionizes
into Rb+2 through the dipole resonant mechanism [3]. In an
ultracold plasma the recombination of Rb+ and e− into Ry-
dberg states (dashed line) could complete the catalytic cycle
and provide a very efficient mechanism for the creation of Rb+2
molecular ions.
of the Rydberg atom without the production of a molec-
ular ion. Such processes cannot directly be tracked in our
experiment, but two energetically allowed final combina-
tions of reaction products are possible, both involving the
emission of a photon: (i) the perturbation of the electron
wave function by the ground state atom leads to a faster
decay of the Rydberg atom. (ii) The system decays into
a neutral rubidium molecule once the two partners are
close enough.
The role of the electron in the molecule formation pro-
cess has a close analogy to that of a catalyst in a catalytic
reaction. This can be seen, looking at the Arrhenius
equation
k = nσcollv¯the
−EAkT , (6)
which describes the dynamics of a chemical reaction. In
reactions involving an activation barrier EA, the role of
the catalyst is to provide a transition state that is lower
in energy. The role of the electron in our reaction is
not to lower the activation barrier EA – there is no such
barrier – but rather to increase the collision frequency
nσcollv¯th by altering the cross section. Moreover, the fi-
nal molecular ion formation process via resonant dipole
coupling [3] relies on the presence of the electron. In this
way, the production rate of Rb+2 molecules is increased by
the presence of the Rydberg electron by orders of mag-
nitude, just like a catalyst would do. A second condi-
tion for catalysis is that the catalyst is not consumed by
the reaction. This is obviously fulfilled in our case as
well. This partial catalytic process could be part of a full
catalytic cycle (Fig. 4 c), where free Rb+ ions and free
electrons recombine into high-lying Rydberg states [24]
and therefore have a highly increased probability to react
with surrounding ground state atoms, eventually releas-
ing the electron again. In ultracold plasmas [25] for ex-
ample such catalytic cycles could take place and increase
the production rate of molecular ions significantly.
We have shown that the associative ionization in an
ultracold Rydberg gas is accelerated by a factor of 1000
due to the appearance of mass transport. We attribute
this transport to the attractive interaction created by
scattering of the Rydberg electron from the ground state
atom. The molecule formation process shows character-
istics of a catalytic reaction, where the electron acts as
a catalyst. Our results give a quantitative prediction
for the inelastic collision rate between Rydberg atoms
and ground state atoms, which constitutes an important
dissipative process in ultracold Rydberg gases. At high
enough densities, this process can be even larger than
the spontaneous decay of the Rydberg atom. For future
experiments on Rydberg dressing and studies of dissipa-
tive quantum phases of Rydberg gases beyond the frozen
gas approximation, these processes should be taken into
account.
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